Acoustic components have been extensively studied supposing perfectly rigid behavior. Although some works have been performed for the radiated sound in the case of a flexible element, an important lack of information exists concerning transmission loss analysis. The current investigation proposes the study for a generic flexible expansion chamber. The analysis has been performed using two different methods: a resolution in the time domain, using a Finite Volume discretization for the fluid domain and a Finite Element discretization for the solid domain, and an approach in the frequency domain, using a Finite Element discretization for both fluid and solid. After studying the rigid case in order to tune up the simulation, the study of the flexible case shows a good agreement among both methods. The comparison of rigid and flexible expansion chambers shows the importance of accounting for these phenomena when the frequency content of the acoustic signal excites the natural modes of the structure.
Here, w is the vector representing the displacement field of the solid body, measured from an inertial reference 72 frame; b represents the volume forces (as gravity or dissipation); ρ is the material density and σ is the Cauchy stress 73 tensor [22] , which complies with:
The closure of the solid displacement equation can be obtained by means of the so-called strain-stress relation-75 ships. Let the solid strains be defined as:
Then, the strain-stress equation allows to set a relationship between strain and stress for a given material. For 77 instance, in the case of a linear-homogeneous solid material:
where δ i j is the Kronecker delta and λ and µ are the first and second Lamé parameters, respectively. They are usually 79 expressed as a function of the Young modulus, E , and Poisson ratio, ν, as follows:
Once the equations are closed and suitable boundary and initial conditions are prescribed, the resulting linear 81 problem can be efficiently solved by means of the Finite Element Method (FEM) [21] . The values of ω that satisfy the previous equation are the so-called eigenfrequencies. Any excitation with this 89 frequency can lead to very high values in the displacement. As it will be seen later, eigenfrequencies must be computed 90 because of their great importance when analyzing fluid-structure interaction (FSI) harmonic acoustic problems. In this study the propagation of a velocity/pressure pulse through a fluid domain has been modelled. The most 94 straight-forward derivation of the equations governing this system is based on applying the equation of state in con-95 junction with the mass, momentum and energy equations [23] , which are given by the following expressions:
Euler Equations
For the propagation of low to moderate wave amplitudes the flow can be considered to behave as non-viscous 98 (µ ≈ 0) and heat-transfer dissipative effects can also be neglected (k ≈ 0). Also body forces and heat generation will 99 be neglected (see [24] and [25] ).
100
After considering those assumptions, the Euler equations are obtained. These are given by:
For the FSI-coupled case, a morphing mesh scheme is adopted and the wall-velocity inviscid boundary condition 102 can be expressed simply by:
The previous equation simply states that fluid and solid must have the same normal velocity components at the 104 interface. In the context of wave motion, it is usual to assume that the flow characteristics can be determined as an unper-107 turbed component and a perturbation as follows: it is possible to consider the flow to be isentropic, allowing one to define a relation between pressure and density 110 derivatives, as:
Where a 0 is the unperturbed sound velocity in the flow. Finally, for the case of no mean flow the formulation can 112 be further simplified, and a single equation for the perturbation (acoustic) pressure is obtained:
allowing also to obtain the acoustic velocity, which is related to pressure derivatives as follows: 15) and the corresponding relationship between pressure and velocity: assuming periodicity in the angular coordinate.
128
As it will be checked later, the results for this simple case can be considered as practically axisymmetric. Thus, the 129 simulation of a quarter of a pipe is considered to be representative enough for representing the whole 3D fluid-structure 130 interactions.
131 Fig. 1 shows an sketch of the geometry to be studied and characterized. The radius of the expansion chamber is 132 R = 0.03 m. The solid wall is supposed to be clamped at the beginning and ending of the expansion chamber. Table 1   133 shows the other dimensions.
134
In the simulation, the inlet is fed by a known velocity profile. The outlet section of the tube is extruded a distance 135 L diss = 10 R and at its end a dissipative boundary condition is applied in order to simulate an anechoic termination.
136
The time evolution of the inlet velocity profile is given by: numerical inaccuracies and ensures that the response can be considered to be totally linear for the whole spectra.
142
The non-dimensional pulse duration is given by T a 0 L mu f f = 0.3473 in such a way that the signal frequency content is 143 high enough to resolve up to the desired frequency. by the non-dimensional parameters listed below:
During the development of this work, unless otherwise specified, a high mass pipe is assumed. Thus the mass 153 parameter is assumed to be constant and equal to m * = 56.6. This allows for the direct examination of the dependence 154 with stiffness. 
It follows that, for a linear element consisting of n subelements whose transfer matrices are known one can write
172
[6]:
where [A i ] is the transfer matrix of the i sub-element. The transfer matrix of each one has been extensively analyzed 174 in bibliography [6] .
175
Once the acoustic matrix of a system is known it is possible to predict the its acoustical behavior under any 176 harmonic excitation. On the other hand, it is also possible to predict an important acoustic characteristic of the system 177 as follows:
178
On the other hand, it is also possible to predict the transmission loss (TL) of the system. This parameter represents 179 the quantity of sound power which leaves the acoustic element, related to the incident power provided that the outlet 180 is anechoic [6] . It is usually expressed in dB, and can be deduced from the elements of the transfer matrix:
Where S out represents the outlet section of the element and S in is the inlet section. When S out = S in it can be 182 stated:
|p out | + and |p in | + being the progressive pressure wave component at outlet and inlet, respectively. As it was shown in the previous section, the transfer matrix is composed by 4 coefficients. Thus, in order to 186 determine it from a numerical computation two cases have to be calculated. Once the frequency content of the 187 acoustic pressure and velocity is known, the value of the matrix components, for a particular frequency f can be 188 evaluated as follows:
The previous equation can be resolved only when the boundary conditions of cases A and B are linearly indepen-190 dent in the frequency domain. number (CFL) must be set, based on the wave-speed velocity. In this case, it was taken as CFL = a 0 ∆t ∆x < 1 → a 0 ∆t ∆x = 202 1.2 · 10 −3 .
203
A visualization of the fluid mesh is shown in Fig. 4(a) . The coupled solid problem (1) was also solved by using 204 the commercial software STARCCM+. Therefore, a FEM mesh was created to model the solid domain. As previously shown, in order to get the values of the transfer matrix coefficients, resolution of variables for two 215 different cases must be performed. These cases are hereinafter referred to as "Case A" and "Case B". Description of 216 each case is given below.
217
Case A. For the first case the inlet velocity history is assumed to be known as shown in Equation (17). The outlet of 218 the pipe is set to be anechoic, so that no pressure reflections are found in this boundary.
219
Case B. For the second case the inlet velocity history is supposed to be known as shown in Equation (17) until 220 the velocity pulse is introduced into the domain. Once the pulse is introduced, this boundary condition is set to be 221 anechoic, so that not pressure reflections are found in the inlet.
222
The outlet boundary condition was set to be as a rigid wall, so at this section the velocity history is supposed to be 223 known and equal to v out (t) = 0. The solid domain was modelled using a zero-thickness shell approximation, which allows lower CPU time con-234 sumption with no significant loss of accuracy, as it was mentioned before. This kind of model allows to account for 235 the whole thickness in the case of thin walls by only using one surface element. As previously shown, in order to get the value of the transfer matrix coefficients, solution of variables for two dif-238 ferent cases must be performed. Again, these cases are hereinafter referred to as "Case A" and "Case B". Description 239 of each case is given below.
240
Case A. For the first case the inlet pressure is supposed to be harmonic, evolving in accordance with: 241 p in (t) = P in e jωt P in = 1 Pa
The outlet face is assumed to be anechoic. Thus, the acoustic impedance is known, with value:
It should be recalled that, due to the linearity of the Helmholtz equation, the selection of the inlet pressure is 243 completely arbitrary, because it will have no influence on the quantification of the acoustic element features. In order to obtain the transmission characteristics of the system it is necessary to perform a computation of both 254 pressure and velocity at the inlet and the outlet for each case studied (Case A and Case B). These values are shown in It should be noticed that, as expected, the frequency response of the velocity at the inlet for case A is the same as 263 that shown in Fig. 2 but it differs for Case B. The reason of this discrepancy is that, for Case B, the inlet boundary 264 condition is assumed to be anechoic, so that the velocity components must be calculated and, for t > T impulse , Equation
265
(17) is not valid anymore. In this section the values of the transfer matrix will be obtained and compared using the methods presented in 278 previous paragraphs.
279
The transfer matrix components are shown in Fig. 9 280 Figure 9 : Transfer matrix coefficients All the previously explained methods coincide very well for low frequencies. Some discrepancies appear when 281 quantifying values at higher frequencies. Nevertheless, this is mainly due to the onset of 3D effects, which are not 282 taken into account by the analytical method. It will be later shown how those 3D issues barely affect the global 283 characteristics of the system, such as Transmission Loss (and Insertion Loss, Velocity Ratio, etc.).
284
The Transmission Loss is shown, for each of the methods used, in Fig. 10 . Notice how the analytical and the 285 Finite Element method are perfectly coincident for the whole frequency range studied. For high frequencies the CFD 286 study predicts a slightly higher value of the Transmission Loss. This could be primarily due to non-linear effects, 287 which are taken into account in this method but are not in the analytical and FEM approximations. When analyzing the interaction between the acoustic field and the surrounding flexible wall, the excitation of the 295 structural modes is of primal interest. It is thus necessary to perform an uncoupled analysis of those values.
296 Table 2 shows the first six eigenfrequencies of the quarter pipe, for the case of wall thickness δ = 0.002 m, 297 wall density ρ wall = 1000 kg m −3 and Poisson ratio ν = 0.33, and for various values of the Young modulus. These 298 frequencies were calculated using the commercial software COMSOL Multiphysics for the isolated structure. As will 299 be shown later apparition of axisymmetric modal shapes occur for higher values of frequency. 300 Fig. 11 shows the structural modal shape corresponding to each eigenfrequency calculated using COMSOL. Red 301 colors correspond to maximum absolute values of the displacement while blue colors correspond to duct nodal lines. Fig. 12 and Fig. 13 show the time evolution of the pressure field for different time steps for case A (anechoic 309 outlet), assuming the expansion chamber as flexible.
302

310
For illustration purposes, a parametric study of the influence of the Young modulus was performed. Fig. 12   311 shows the results for the case with E = 30 GPa (pure tin) and Fig. 13 shows results for the case with E = 1 GPa 312 (polypropylene). The deformation field of the thin wall is also shown. Notice that the color-scale is shown in a 313 qualitative manner in order to obtain interpretable representation.
314
• Fig. 12-13 a: The whole velocity-pressure pulse has been introduced into the domain. Cause the pulse has not 315 arrived to the expansion zone, reflections or deformations do not appear yet.
316
• Fig. 12-13 b: The pulse reaches the inlet of the expansion chamber. The pressure is affected exactly by the 317 same phenomena which were explained in section 5. Now, an axisymmetric deformation field can be observed 318 both in the E = 30 GPa and E = 1 GPa being higher in the second case, as expected.
319
• Fig. 12-13 c: The reflected pulse reaches the inlet. The boundary condition v(t) = 0 behaves as a rigid wall, 320 so it is reflected again towards the expansion chamber again. In the case E = 30 GPa the deformation-pulse 321 propagates together with the pressure pulse in the expansion chamber. In the case E = 1 GPa it can be noticed 322 how the low material stiffness leads to an additional wave.
323
• Fig. 12-13 d: The primary pulse reaches the outlet of the expansion chamber, and here a new partial reflection 324 and transmission are found. The deformation pulse is also reflected. Note the high qualitative difference be-325 tween the E = 30 GPa and E = 1 GPa. In the second case it can be seen that the number of axisymmetric waves 326 appearing is significantly higher.
327
• Fig. 12-13 at a location (L mu f f /2, R) for different wall rigidities. High differences in the displacement can be observed for the 340 different materials. Fig. 15 also shows that the natural modes of the structure remain unattenuated. This is due to 341 absence of damping in the model. appear. This coincides with the excitation of the first and second axisymmetric modes of the structure (see the location 360 of these modes in Table 3 ). Figure 19 shows the modal shape corresponding to the first four eigenfrequencies.
361
Under these circumstances it can be found that, just before the axisymmetric mode is excited, the fluid-structure 362 coupling leads to an important change in behavior. Around this frequency a high attenuation point is found imme-363 diately followed or preceded by a sharp pass band of abrupt attenuation drop. This sharp behavior is due to the 364 strong fluid-structure coupling derived from the excitation of the natural axisymmetric modes of the structure. Similar formed.
376
To fine tune the methodology under consideration, different simulations were performed using both CFD and 377 FEM in order to predict the acoustic performance of a perfectly rigid expansion chamber. Results show very good 378 agreement between CFD, FEM and analytic cases.
Similar methods were later used for the case of an expansion chamber with flexible walls. Again, the presented 380 models show good agreement for the studied frequency range.
381
Nevertheless, it was observed that computational requirements of the time-domain CFD method are various order 382 of magnitude higher than the requirements for the same geometry using a frequency-domain FEM approach.
383
General trends of the vibroacoustic response were calculated for a rigid and a flexible expansion chamber. Results
384
show that, for the current geometry, the influence of rigidity for a heavy structure is important only for very low Density Table 3 Axisymmetric 
